there was a 30-fold increase in the harmful algal bloom (HAB) species, Prorocentrum cordatum. 28
Chlorophyll a normalised maximum photosynthetic rates (P B m) increased > 6-fold under 29 elevated pCO2 and > 3-fold under elevated temperature while no effect on P B m was observed 30 when pCO2 and temperature were elevated simultaneously. The results suggest that future 31 increases in temperature and pCO2 do not appear to influence coastal phytoplankton 32 Biogeosciences Discuss., https://doi.org/10.5194/bg-2017-510 Manuscript under review for journal Biogeosciences Discussion started: 4 December 2017 c Author(s) 2017. CC BY 4.0 License.
Introduction 35
Oceanic uptake of atmospheric CO2 has increased by ~42% over pre-industrial levels, with an 36 on-going annual increase of ~0.4%. Current CO2 level has reached ~400 µatm and has been 37 predicted to rise to >700 µatm by the end of this century (Alley et al., 2007) , with estimates 38 exceeding 1000 µatm (Raupach et al., 2007; Raven et al., 2005) . The oceans are absorbing CO2 39 from the atmosphere, which results in a shift in oceanic carbonate chemistry resulting in a 40 decrease in seawater pH or 'Ocean Acidification' (OA). The projected increase in atmospheric 41 CO2 and corresponding increase in ocean uptake, is predicted to result in a decrease in global 42 mean seawater pH of 0.3 units below the present value of 8.1 to 7.8 (Wolf-gladrow et al., 1999) . 43
Under this scenario, the shift in dissolved inorganic carbon (DIC) equilibria has wide ranging 44 implications for phytoplankton photosynthetic carbon fixation rates and growth (Riebesell, 45 2004) . 46
Concurrent with OA, elevated atmospheric CO2 and other climate active gases have warmed the 47 planet by ~0.6 °C over the past 100 years (IPCC, 2007) . Atmospheric temperature has been 48 predicted to rise by a further 1.8 to 4 °C by the end of this century (Alley et al., 2007) . 49
Phytoplankton metabolic activity may be accelerated by increased temperature (Eppley, 1972) , 50 which can vary depending on the phytoplankton species and their physiological requirements 51 (Beardall and Stojkovic, 2006 ). Long-term data sets already suggest that ongoing changes in 52 coastal phytoplankton communities are likely due to climate shifts and other anthropogenic 53 influences (Edwards et al., 2006; Smetacek and Cloern, 2008; Widdicombe et al., 2010) . The 54 response to OA and temperature can potentially alter the community composition, community 55 biomass and photo-physiology. Understanding how these two factors may interact 56 (synergistically or antagonistically) is critical to our understanding and for predicting future 57 primary productivity (Boyd and Doney, 2002) . 58
Laboratory studies of phytoplankton species in culture and studies on natural populations in 59 the field have shown that most species exhibit sensitivity, in terms of growth and 60 photosynthetic rates, to elevated pCO2 and temperature individually. To date, only a few studies 61 have investigated the interactive effects of these two stressors on natural populations (e.g. Experimental seawater containing a natural phytoplankton community was sampled at station 114 L4 on 7 th October 2015 from 10 m depth (40 L). The experimental seawater was gently pre-115 filtered through a 200 µm Nitex mesh to remove zooplankton grazers, into two 20 L acid-116 cleaned carboys. In addition, 320 L of seawater was collected into sixteen 20 L acid-cleaned 117 carboys from the same depth for use as experimental media. Immediately upon return to the 118 laboratory the media seawater was filtered through an in-line 0.2 and 0.1 µm filter (Acropak™, 119 Pall Life Sciences) then stored in the dark at 14 °C until use. The experimental seawater was 120 gently and thoroughly mixed and transferred in equal parts from each carboy (to ensure 121 homogeneity) to sixteen 2.5 L borosilicate incubation bottles (4 sets of 4 replicates). The 122 remaining experimental seawater was sampled for initial (T0) concentrations of nutrients, 123 chlorophyll a, total alkalinity, dissolved inorganic carbon, particulate organic carbon (POC) and 124 nitrogen (PON) and was also used to characterise the starting experimental phytoplankton 125 community. The incubation bottles were placed in an outdoor simulated in-situ incubation 126 culture system and each set of replicates were linked to one of four 22 L reservoirs filled with 127 the filtered seawater media. Neutral density spectrally corrected blue filters (Lee Filter no. 301) 128
were placed between polycarbonate sheets and mounted to the top, sides and ends of the 129 incubation system to provide ~50 % irradiance, approximating PAR measured at 10 m depth at 130 station L4 on the day of sampling prior to starting experimental incubations. The media was 131 aerated with CO2 free air and 5 % CO2 in air precisely mixed using a mass flow controller 132 (Bronkhorst UK Limited) and used for the microcosm dilutions as per the following 133 experimental design: (1) control (390 µatm pCO2, 14.5 °C matching station L4 in-situ values), 134 Biogeosciences Discuss., https://doi.org/10.5194/bg-2017-510 Manuscript under review for journal Biogeosciences Discussion started: 4 December 2017 c Author(s) 2017. CC BY 4.0 License.
(2) high temperature (390 µatm pCO2, 18.5 °C), (3) high pCO2 (800 µatm pCO2, 14.5 °C) and (4) 135 combination (800 µatm pCO2, 18.5 °C). 136
Initial nutrient concentrations (measured at 0.24 µM nitrate + nitrite, 0.086 µM phosphate and 137 2.14 µM silicate on 7 th October 2015) were amended to 8 µM nitrate+nitrite and 0.5 µM 138 phosphate to provide favourable growth conditions. As the phytoplankton community was 139 sampled over the transitional phase from diatoms and dinoflagellates to nanophytoplankton, 140 the in-situ silicate concentration was maintained to reproduce the silicate concentrations 141 typical of this time of year (Smyth et al., 2010) . Media transfer and sample acquisition was 142 facilitated by peristaltic pumps and semi-continuous daily dilution rates were set between 10-143 13 % of the incubation bottle volume following 48 hrs acclimation in batch culture. CO2 144 enriched seawater was added to the high CO2 treatment replicates every 24 hrs, acclimating the 145 natural phytoplankton population to increments of elevated pCO2 from ambient to ~800 µatm 146 over 8 days followed by maintenance at ~800 µatm as per the method described by Schulz et al, 147 (2009) . This protocol was preferred since some phytoplankton species are inhibited by the 148 mechanical effects of direct bubbling (Riebesell et al., 2010; Shi et al., 2009 ) which can cause a 149 reduction in growth rates and the formation of aggregates (Love et al., 2016) . pH was monitored 150 daily to adjust the pCO2 of the experimental media (+/-) prior to dilutions to maintain target 151 pCO2 levels in the incubation bottles. 152
Analytical methods, experimental seawater 153

Chlorophyll a 154
Chlorophyll a (Chl a) was measured in each incubation bottle. 100 mL triplicate samples from 155 each replicate were filtered onto 25 mm GF/F filters (nominal pore size 0.7 μm), extracted in 90 156 % acetone overnight at -20 °C and chl a was estimated on a Turner Trilogy ™ fluorometer using measurements for DIC. Carbonate system parameter values for media and treatment samples 168 were calculated from TA and DIC measurements using the programme CO2sys (Pierrot et al., 169 2006) with dissociation constants of carbonic acid of Mehrbach et al., (1973) refitted by Dickson 170 and Millero (Dickson and Millero, 1987) . Samples for TA and DIC were taken every 2-3 days. 171
Phytoplankton community analysis 172
Phytoplankton community analysis was performed by flow cytometry (Becton Dickinson Accuri 173 ™ C6) for the 0.2 to 18 µm size fraction following Tarran et al., (2006) and inverted light 174 microscopy was used to enumerate cells > 18 µm (BS EN 15204,2006) . For flow cytometry, 2 175 mL samples fixed with glutaraldehyde to a final concentration of 2 % were flash frozen in liquid 176 nitrogen and stored at -80 °C for later analysis. For inverted light microscopy, 140 mL samples 177 were fixed with 2 % (final concentration) acid Lugol's iodine solution and analysed by inverted 178 light microscopy (Olympus™ IMT-2) using the Utermöhl counting technique (Utermöhl, 1958; 179 Widdicombe et al., 2010) . Phytoplankton community samples were taken at T0, T10, T17, T24 180 and T36. 181
Phytoplankton community biomass 182
The smaller size fraction identified and enumerated through flow cytometry; 183 picophytoplankton, nanophytoplankton, Synechoccocus, coccolithophores and cryptophytes 184 were converted to carbon biomass (mg C m -3 ) using a spherical model to calculate mean cell 185 volume: 186 ( 4 3 * * r 3 ) 187 and a conversion factor of 0.22 pg C μm −3 (Booth, 1988) . A conversion factor of 0.285 pg C μm −3 188 was used for coccolithophores (Tarran et al., 2006) where φE:C is the electron requirement for carbon uptake (molecule CO2 (mol electrons) -1 ), MWC 225 is the molecular weight of carbon and Chl a is the Chl a measurement specific to each sample. 226
Chl specific JVPSII based photosynthesis-irradiance curves were conducted in replicate batches 227 between 10:00 -16:00 to account for variability over the photo-period at between 8 -14 Samples for FRRf fluorescence-based light curves were taken at T36. 234
Statistical analysis 235
To test for effects of high pCO2, high temperature and high pCO2 x high temperature on the 236 measured response variables (Chl a, total community biomass, POC, PON, photosynthetic 237 parameters and biomass of individual species), generalised least squares models with the 238 factors pCO2, temperature and time (and all interactions) were applied to the data between T0 239 and T36 incorporating an auto-regressive correlation structure of the order (1) to account for 240 auto correlation. To test for significant differences between experimental treatments at T36 in 241 all measured parameters, generalized linear models were applied to the data. Where main 242 effects were established, pairwise comparisons were performed using the method of Herberich 
Results 252
Chl a concentration in the WEC ranged between 0.02-~5 mg m -3 from 30 September -6 th 253
October 2015, with a concentration of ~1.6 mg m -3 at station L4 ( Fig. 1 A) . Over the period 254 leading up to phytoplankton community sampling, increasing nitrate and silicate concentrations 255 coincided with a Chl a peak on 23 rd September (Fig. 1 B) . Routine net trawl (20 µm) sample 256 observations indicated a phytoplankton community dominated by the diatoms Leptocylindrus 257 danicus and L. minimus with a lower presence of the dinoflagellates Prorocentrum cordatum, 258
Heterocapsa spp. and Oxytoxum gracile. Following decreasing nitrate concentrations, this 259 community transitioned to a P. cordatum bloom on 29 th September, the week before 260 experimental community sampling (data not shown). 261
Experimental carbonate system 262
Equilibration to the target high pCO2 values (800 µatm) within the high pCO2 and combination 263 treatments was achieved at T10 ( Fig. 2 A) . These treatments were slowly acclimated to 264 increasing levels of pCO2 over 7 days (from the initial dilution at T3) while the control and high 265 Biogeosciences Discuss., https://doi.org/10.5194/bg-2017-510 Manuscript under review for journal Biogeosciences Discussion started: 4 December 2017 c Author(s) 2017. CC BY 4.0 License. temperature treatments were acclimated at the same ambient carbonate system values as that 266 from station L4 on the day of sampling. Following equilibration, the mean pCO2 values within 267 the control and high temperature treatments were 394.9 (± 4.3 sd) and 393.2 (± 4.8 sd) µatm 268 respectively, while in the high pCO2 and combination treatments mean pCO2 values were 822.6 269 (± 9.4) and 836.5 (± 15.6 sd) µatm, respectively. Carbonate system values remained stable 270 throughout the experiment (Fig. 2 B-D) . 271
Experimental temperature treatments 272
Mean temperatures in the control and high pCO2 treatments were 14.1 (± 0.35 sd) °C and in the 273 high temperature and combination treatments the mean temperatures were 18.6 (± 0.42 sd) °C. 274
There was a mean temperature difference between the ambient and high temperature 275
treatments of 4.46 (± 0.42 sd) °C (Supporting information, Fig. S1 A & B) . 276 277
Chlorophyll a 278
Mean Chl a in the experimental seawater at T0 was 1.64 (± 0.02 sd) mg m -3 ( Fig. 3 A) . This 279 decreased in all treatments between T0 to T7, to ~0.1 (± 0.09, 0.035 and 0.035 sd) mg m -3 in the 280 control, high pCO2 and combination treatments, while in the high temperature treatment at T7 281
Chl a was 0.46 mg m -3 (± 0.29 sd). From T7 to T12 there was an increase in Chl a in all 282 treatments which was highest in the combination (4.99 mg m -3 ± 0.69 sd) and high pCO2 283 treatments (3.83 mg m -3 ± 0.43 sd) ( Table 1) . At T36 Chl a concentration in the combination 284 treatment was significantly higher than all other treatments at 6.87 (± 0.58 sd) mg m -3 (Table  285 2) while the high temperature treatment concentration was significantly higher than the control 286 and high pCO2 treatments at 4.77 (± 0.44 sd) mg m -3 ( Table 2) . Mean concentrations for the 287 control and high pCO2 treatments at T36 were not significantly different at 3.30 (± 0.22 sd) and 288 3.46 (± 0.35 sd) mg m -3 respectively (pairwise comparison t = 0.78, p = 0.858). 289 290
Phytoplankton biomass 291
The starting biomass in all treatments was 110.2 (± 5.7 sd) mg C m -3 ( Fig. 3 B) and the 292 community biomass was dominated by dinoflagellates (~50%) with smaller contributions from 293 nanophytoplankton (~13%), cryptophytes (~11%), diatoms (~9%), coccolithophores (~8%), 294
Synechococcus (~6%) and picophytoplankton (~3%). Total biomass increased significantly in 295 all treatments over time ( Table 1 ) and at T10, it was significantly higher in the high 296 temperature treatment when the biomass reached 752 (± 106 sd) mg C m -3 . At T36 however, 297 total biomass was significantly higher in the high pCO2 treatment ( Table 1) (± 182.68 sd) mg C m -3 , which increased more than 20-fold from T0. Total biomass in the high 299 temperature treatment increased more than 15-fold to 1735 (± 169.24 sd) mg C m -3 at T36 and 300 was significantly higher than the combination treatment and ambient control, which were 525 301 (± 28.02 sd) mg C m -3 and 378 (± 33.95 sd) mg C m -3 , respectively ( Table 2) . 302
Measured POC followed the same trends as estimated biomass in all treatments between T0 and 303 T36 (Fig. 3 C) and despite some variability between the two measures, POC was within the 304 range of estimates (R 2 = 0.914, Fig. 3 D) . At T36, POC was significantly greater in the high pCO2 305
treatment (2086 ± 155.19 sd mg m -3 ) followed by the high temperature treatment (1594 ± 306 162.24 sd mg m -3 ), which were significantly greater than the control and combination treatment 307 (Table 1) . PON followed the same trends as POC over the course of the experiment ( Fig. 3 
E, 308
Table 1): at T36 concentrations were 147 (± 12.99 sd) and 133 (± 15.59 sd) mg m -3 in the high 309 pCO2 and high temperature treatments respectively, while PON was 57.75 (± 13.07 sd) mg m -3 310 in the combination treatment and 47.18 (± 9.32 sd) mg m -3 in the control ( Table 1) . POC:PON 311 ratios increased significantly over time in all treatments except for the control. The largest 312 increase of 33 %, from 10.72 to 14.26 mg m -3 (± 1.73 sd) was in the high pCO2 treatment, 313 followed by an increase of 32 % to 9.83 (± 1.82 sd) mg m -3 in the combination treatment, and an 314 increase of 17 % to 12.09 (± 2.14 sd) mg m -3 in the high temperature treatment. In contrast, the 315 POC:PON ratio in the control declined by 20 % from T0 to T36, from 10.33 to 8.26 (± 0.50 sd) 316 mg m -3 ( Fig. 3 F, Table 1 ). 317
Community composition 318
At T36 diatoms dominated the phytoplankton community biomass in the ambient control with a 319 substantial contribution from nanophytoplankton ( Fig. 4 A) , while the high temperature and 320 high pCO2 treatments exhibited near mono-specific dominance of nanophytoplankton ( Figs. 4 B  321 & C). The most diverse community was in the combination treatment where dinoflagellates and 322
Synechococcus became more prominent (Fig. 4 D) . 323
Between T10 and T24 the community shifted to nanophytoplankton in all experimental 324 treatments. This dominance was maintained through to T36 in the high temperature and high 325 pCO2 treatments whereas in the ambient control and combination treatment, the community 326 shifted away from nanophytoplankton ( Fig. 5 A) . At T36 nanophytoplankton biomass was 327 significantly higher in the high pCO2 treatment followed by the high temperature treatment 328 (Table 2) when biomass attained 2216 (± 189.67 sd) mg C m -3 and 1489 (± 170.32 sd) mg C m -3 , 329
respectively. In the combination treatment nanophytoplankton biomass was 238 (± 14.16 sd) 330 mg C m -3 at T36 which was significantly higher compared to the ambient control (162 ± 20.02 sd 331 mg C m -3 ; Table 2 ). In addition to significant differences in nanophytoplankton biomass 332 increased at T36 in all treatments, with significantly higher biomass in the high pCO2 treatment 343 (235 ± 21.41 sd mg C m -3 , Fig. 5 B, Table 2 ). The highest diatom contribution to total 344 community biomass at T36 was in the ambient control (52 % of biomass; 198 ± 17.28 sd mg C 345 m -3 ). In both the high temperature and combination treatments diatom biomass was 346 significantly lower at T36 (151 ± 10.94 sd and 124 ± 19.16 sd mg C m -3 , respectively). In all 347 treatments at T36, diatom biomass shifted away from dominance of the larger C. Wailessii to the 348 Fig. 5 C, Table 2 ) followed by the high temperature treatment (57 ± 6.87 sd mg C m -3 , 359 Table 2 ). There was no significant difference in dinoflagellate biomass between the high pCO2 360 treatment and ambient control at T36 when biomass was low. In the combination treatment, 361 dinoflagellate biomass shifted away from the larger G. spirale and was dominated by P. 362 cordatum which contributed 59 ± 12.95 sd mg C m -3 (66 % of biomass in this group). 363
Synechococcus biomass was significantly higher at T36 in the combination treatment (59.9 ± 364 4.30 sd mg C m -3 , Fig. 5 D, Table 2 ) followed by the high temperature treatment (30 ± 5.98 sd 365 mg C m -3 , Table 2 ). In both the high pCO2 treatment and ambient control at T36 Synechococcus biomass of picophytoplankton ( Fig. 5 E) , cryptophytes (Fig. 5 F) and coccolithophores ( Fig. 5  368   G) remained low in all treatments throughout the experiment. Though picophytoplankton 369 responded positively to the high pCO2 and combination treatments at T36 (high pCO2: 6.93 ± 370 0.63 sd mg C m -3 ; combination: 11.26 ± 0.79 sd mg C m -3 ; Table 2 ). 371
Chl fluorescence-based photophysiology 372
At T36, FRRf PI parameters were strongly influenced by the experimental treatments. P B m was 373 significantly higher in the high pCO2 treatment (18.93 mg C (mg Chl a) -1 m -3 h -1 ), followed by the 374 high temperature treatment (9.58 mg C (mg Chl a) -1 m -3 h -1 ; Fig. 6, Tables 3 & 4) . There was no 375 significant difference in P B m between the ambient control and combination treatment (2.77 and 376 3.02 mg C (mg Chl a) -1 m -3 h -1 ). Light limited photosynthetic efficiency (α B ) also followed the 377 same trend and was significantly higher in the high pCO2 treatment (0.13 mg C (mg Chl a) -1 m -3 378 h -1 (µmol photon m -2 s -1 ) -1 ) followed by the high temperature treatment (0.09 mg C (mg Chl a) -1 379 m -3 h -1 (µmol photon m -2 s -1 ) -1 ) ( Tables 3 & 4 week of June with one exception (Fig. 7 A) . (Fig. 7 B) . Seasonality of maximal N. distans biomass was constrained 401
to September-October when the mean maximal biomass was 0.03 mg C m -3 . 402 P. cordatum dominated the dinoflagellate biomass in the experimental communities, and made a 403 significant contribution to total biomass in the combination treatment. Weekly P. cordatum 404 biomass averaged over the time series at L4 ranged from 0.004 to 107 mg C m -3 and exhibited 405 strong seasonality. Mean total annual P. cordatum biomass was 25.5 mg C m -3 with maximum 406 annual biomass of 233 mg C m -3 in 2006 (minimum annual biomass of 0.004 mg C m -3 in 1994). 407
The bloom peak (taken as an increase in biomass > 1.0 mg C m -3 ) usually occurred in September 408 although as early as mid-June (2001 and 2013) in some cases (Fig. 7 C) . Mean maximal biomass 409 was 12.7 mg C m -3 with positive anomalies occurring in 5 out of 21 years throughout the time- Fig. 7 D) . 416
Group and species-specific optimal temperature ranges were found when considering how the 417 dominant experimental species were temporally distributed relative to in-situ temperatures: 418 nanophytoplankton exhibited a bi-modal distribution with 31 % biomass between 9-11 °C and 419 30 % between 15-16.5 °C, with 6 % above 16.5 °C ( Fig. 8 A) . ~60 % of N. distans biomass 420 occurred between 14-16 °C and 2 % biomass above 16 °C (Fig. 8 B) . In contrast, 66 % of P. 421 cordatum biomass occurred between 14-16 °C and 24 % above 16 °C (Fig. 8 C) . Biomass 422 distribution relative to station L4 in-situ pCO2 levels (2008-2014) also demonstrated 423 group/species-specific optimal ranges. 71 % nanophytoplankton biomass occurred at a pCO2 424 range of 245-410 µatm, 24 % 410-515 µatm and 5 % between 515-680 µatm (Fig. 8 D) . N. 425 distans followed a similar trend with 72% biomass between a pCO2 range of 245-410 µatm, 26% 426 between 410-515 µatm and < 2% beyond 515 µatm (Fig. 8 E) . By contrast, 97% of P. cordatum 427 biomass occurred between 245-410 µatm with 3 % biomass occurring beyond 410 µatm ( Fig. 8  428   F) . 429
Discussion 430
Individually, elevated temperature and pCO2 resulted in the highest biomass and maximum 431 photosynthetic rates (P B m), when nanophytoplankton dominated. The interaction of these two 432 factors had little effect on total biomass with values close to the ambient control, and no effect 433 
Chl a 455
Chl a concentration was significantly higher in the combination treatment at T36 when total 456 biomass was lower, but Chl a was significantly lower in the high pCO2 treatment when biomass 457 was significantly higher than all other treatments. This contrasts the results reported in 458 comparable studies as Chl a is generally highly correlated with biomass, ( e.g. Feng et al., 2009) . 459
Similar results were reported however by Hare et al., (2007) which indicates that Chl a may not 460 always be a reliable proxy for biomass in mixed communities. Differences in Chl a may therefore 461 be attributed to taxonomic differences in community composition. 462
Biomass 463
This study shows that the phytoplankton community response to elevated temperature and 464 pCO2 is highly variable. pCO2 elevated to ~800 µatm induced higher community biomass in 465 agreement with Kim et al., (2006) 
Carbon:Nitrogen 477
In agreement with others, the results of this experiment showed highest increases in C:N under 478 elevated pCO2 alone (Riebesell et al., 2007) . C:N also increased under high temperature, 479 consistent with the findings of Lomas and Glibert, (1999) and Taucher et al., (2015) and was 480 stimulated to a lesser degree when pCO2 and temperature were elevated simultaneously, which 481 was also observed in the study of Calbet et al., (2014) , but contrasts other studies that have 482 observed C:N to be unaffected by the combined influence of elevated pCO2 and temperature, e.g. 483 Photosynthetic rates have been demonstrated to decrease beyond a temperature of 20 °C 501 (Raven and Geider, 1988 ) which can be modified through photoprotective rather than 502 photosynthetic pigments (Kiefer and Mitchell, 1983) . This may explain the difference in P B m 503 between the high pCO2 and high temperature treatments (in addition to differences in 504 nanophytoplankton community composition in relation to Phaeocystis spp. discussed above), as 505 the experimental high temperature treatment in the present study was ~4.5 ° C higher than 506
ambient. 507
There was no significant effect of combined elevated pCO2 and temperature on P B m, which was 508 strongly influenced by taxonomic differences between the experimental treatments. Warming 509 has been shown to lead to smaller cell sizes in nanophytoplankton (Atkinson et al., 2003; Peter 510 and Sommer, 2012), which was observed in the combined treatment together with decreased 511 nanophytoplankton biomass. Diatoms also shifted to smaller species with reduced biomass, resulting from photosynthetic removal of CO2 by previous blooms (Hansen, 2002; Hinga, 2002) . 518
Though growth under high pH provides indirect evidence that dinoflagellates possess CCMs, 519 direct evidence is limited and points to the efficiency of CCMs in dinoflagellates as moderate in 520 comparison to diatoms and some haptophytes (Reinfelder, 2011 and references therein). This 521 may explain the lower P B m in the combined treatment compared to elevated pCO2 and 522 temperature individually. 523
Community composition 524
Phytoplankton community structure changes were observed, with a shift from dinoflagellates to 525 nanophytoplankton which was most pronounced under single treatments of elevated 526 temperature and pCO2. Amongst the nanophytoplankton, a distinct size shift to smaller cells was 527 observed in the high temperature and combination treatments, while in the high pCO2 528
treatment Phaeocystis spp. dominated. Under combined pCO2 and temperature at T36 however, 529 dinoflagellate and Synechococcus biomass increased at the expense of nanophytoplankton. anoxia through the production of mucus foam which can clog the feeding apparatus of 545 zooplankton and fish (Eilertsen & Raa, 1995) . 546
The response of diatoms to elevated pCO2 and temperature has been variable. For example, A 547 study by Taucher et al., (2015) showed that Thalassiosira weissflogii incubated at 1000 µatm 548 pCO2 increased growth by 8 % while for Dactyliosolen fragilissimus, growth increased by 39 %; 549 temperature elevated by + 5°C also had a stimulating effect on T. weissflogii but inhibited the 550 growth rate of D. fragilissimus; and when the treatments were combined growth was enhanced 551 in T. weissflogii but reduced in D. fragilissimus. In partial agreement, the results of the present 552 experiment show that elevated pCO2 increased biomass in diatoms but elevated temperature 553 and the combination of these factors reduced biomass. A distinct size-shift in diatom species 554 was observed in all treatments, from the larger Coscinodiscus spp., Pleurosigma and 555 Thalassiosira subtilis to the smaller Navicula distans. This was most pronounced in the 556 combination treatment where N. distans contributed 89 % of diatom biomass. Navicula spp. 557 previously exhibited a differential response to both elevated temperature and pCO2. At stimulated along a CO2 gradient at a shallow cold-water vent system (Baragi et al., 2015) . 563
Synechococcus grown under pCO2 elevated to 750 ppm and temperature elevated by 4 °C 564 resulted in increased growth and a 4-fold increase in P B m (Fu et al., 2007) which is similar to the 565 results of the present study. 566
The combination of elevated temperature and pCO2 significantly increased dinoflagellate 567 biomass which almost doubled, accounting for 17 % of total biomass. This was due to P. 568 In laboratory studies at 1000 ppm CO2, growth rates of the HAB species Karenia brevis increased 572 by 46 %, at 1000 ppm CO2 and + 5 °C temperature it's growth increased by 30 % but was 573 reduced under elevated temperature alone (Errera et al., 2014) . A combined increase in pCO2 574 and temperature enhanced both the growth and P B m in the dinoflagellate Heterosigma akashiwo, 575
whereas in contrast to the present findings, only pCO2 alone enhanced these parameters in P. 576 cordatum (Fu et al., 2008) . 577
Among HAB species, P. cordatum is widely distributed geographically in temperate and 578 subtropical waters, has detrimental effects at the organismal and environmental levels and is 579 potentially harmful to humans via shellfish poisoning (Heil et al., 2005) . Recent increases in the 580 frequency, magnitude and distribution of harmful phytoplankton species has focussed attention 581 on the unique physiological, ecological and toxicological aspects of the species involved 582 (Andeson et al., 2002; Hallegraeff, 1993) . Ocean acidification combined with warming could 583 potentially affect the growth and toxicity of HAB species . Recent studies on 584 several diatom and dinoflagellate species suggest that ocean acidification combined with 585 elevated temperature may dramatically increase the toxicity of some harmful groups (e.g. Chesapeake Bay, Baltic Sea). The spread of this species to previously unreported areas through 589 either ballast water transport, aquaculture development, or increasing eutrophication, has been 590 reported (Heil et al., 2005) . In Chesapeake Bay P. cordatum 'mahogany tides' have been 591 associated with anoxic/hypoxic events, fish kills, aquaculture shellfish kills and the loss of 592 aquatic vegetation (Tango et al., 2005) . Over the last two decades P. cordatum has established 593 itself as a dominant summer phytoplankton species in the Baltic Sea but so far there are no 594 reports of toxic blooms (Hajdu et al., 2000) . However, for the first time a P. cordatum bloom was 595 recorded in February 2002 at Bolinao, Northern Philippines and was coincident with a mass 596 aquaculture fish kill resulting in losses estimated at US$120,000 (Azanza et al., 2005) . Several 597 clones of P. cordatum were found to produce a water-soluble neuro-toxin during bloom decline 598 in culture studies (Grzebyk et al., 1997) . More recently, a series of positive bioassays for 599 tetrodotoxins (TTXs) was observed in mussels (Vlamis et al., 2015) which coincided with the In addition to strong links to toxic algal events, mixotrophy has also been reported in P. 604 cordatum. In a study by Stoecker et al., (1997) up to 50% of P. cordatum sampled from 605 Chesapeake Bay in the summer contained cryptophyte material. The authors concluded that P. 606 cordatum feeding is a mechanism for supplementing carbon nutrition and this may explain why 607 the ratio of nanophytoplankton:dinoflagellates was significantly lower in our combination 608 experimental community compared to the other treatments. 609
Natural variability of biomass in the WEC, station L4 time series. 610
During autumn in the WEC, sea surface temperature and pCO2 start to decline following their 611 respective time series maximal values at station L4. During October, mean seawater 612 temperatures at 10 m decrease from 15.39 °C (± 0.49 sd) to 14.37 °C (± 0.62 sd). Following a 613 period of CO2 oversaturation in late summer, pCO2 returns to near-equilibrium at station L4 in 614
October when mean pCO2 values decrease during this month from 455.32 µatm (± 63.92 sd) to 615 404.06 µatm (± 38.55 sd) (Kitidis et al., 2012) . As is the case with seawater warming, predicted 616 future ocean acidification is likely to impact coastal phytoplankton communities in autumn 617 when the present upper limit of the pCO2 threshold increases during this period of surface 618 ocean-atmosphere equilibrium (Riebesell, 2004) . 619
From a biological perspective, the autumn period at station L4 is characterised by the decline of 620 the late summer diatom and dinoflagellate blooms (Widdicombe et al., 2010) when biomass of 621 these two groups approaches values close to the time series minima (diatom biomass range: 622 6.01 (± 6.88 sd) -2.85 (± 3.28 sd) mg C m -3 ; dinoflagellate biomass range: 1.75 (± 3.28 sd) -0.66 623 (± 1.08 sd) mg C m -3 ). Typically, over this period nanophytoplankton becomes numerically 624 dominant when biomass of this group ranges from 20.94 (± 33.25 sd) -9.38 (± 3.31 sd), though 625 the time series shows high variability in this biomass. . When temperature and pCO2 were elevated simultaneously, 655 community biomass showed little response and no effects on P B m were observed, suggesting a 656 negative feedback on atmospheric CO2 and climate warming in future warmer high CO2 oceans. 657
Additionally, combined elevated pCO2 and temperature significantly modified taxonomic 658 composition, by reducing diatom biomass relative to the ambient control with increasing 659 dinoflagellate biomass dominated by the HAB species, P. cordatum. This has implications for 660 fisheries, ecosystem function and human health. 661
Conclusion 662
These experimental results provide new evidence that increases in pCO2 coupled with rising sea 663 temperatures may have antagonistic effects on the autumn phytoplankton community in the 664 WEC. Under future global change scenarios, the size range and biomass of diatoms may be 665 reduced with increased dinoflagellate biomass and the selection of HAB species. The 666 experimental simulations of year 2100 temperature and pCO2 demonstrate that the effects of 667 warming can be offset by elevated pCO2 potentially reducing coastal phytoplankton productivity 668 and significantly altering the community structure, and in turn these shifts will have 669 consequences on carbon biogeochemical cycling in the WEC. cordatum biomass values relative to total phytoplankton biomass. Black line is smoothed running average of total phytoplankton biomass, grey area is standard deviation, dotted line is mean P. cordatum biomass and symbols are maximal P. cordatum biomass from weekly observations by year (as per figure legend for B & C.) . 
